The rpsD gene, encoding ribosomal protein S4, was isolated from Bacillus subtilis by hybridization with oligonucleotide probes derived from the S4 amino-terminal protein sequence. Sequence analysis of the cloned DNA indicated that rpsD is likely to be monocistronic, in contrast to Escherichia coli rpsD, which is located in the a operon and is the translational regulator for a operon ribosomal protein gene expression in E. coli. The cloned gene was shown to map at position 2630 on the B. subtilis chromosome, at the position to which mutations conferring alterations in the electrophoretic mobility of protein S4 were localized. A promoter was identified upstream of the rpsD coding sequence; initiation of transcription at this promoter would result in a transcript containing a leader region 180 bases in length. One of the best-characterized E. coli ribosomal protein operons is the ot operon, which includes the genes for ribosomal proteins S13, S11, S4, and L17 and for the at subunit of RNA polymerase, in the order S13-S11-S4-a-L17 (2). S4 is the translational regulator for this operon and binds to a target site on the ot operon mRNA near the start of the S13-coding region (9, 19). Binding of S4 to the mRNA blocks translation of S13 and also inhibits translation of S11 and S4, probably by a translational coupling mechanism (35). Expression of rpoA, which encodes the a subunit of RNA polymerase, is not controlled by S4, and there is evidence that a second S4-binding site on the mRNA upstream from the L17-coding region is necessary for S4 regulation of L17 expression (24) . The ot operon of B. subtilis was recently isolated, and its DNA sequence was determined (3, 33). The most striking feature of the B. subtilis a operon is the absence of the S4-coding region. The at operon is located in the major cluster of ribosomal protein genes, at 120 on the 3600 B.
The rpsD gene, encoding ribosomal protein S4, was isolated from Bacillus subtilis by hybridization with oligonucleotide probes derived from the S4 amino-terminal protein sequence. Sequence analysis of the cloned DNA indicated that rpsD is likely to be monocistronic, in contrast to Escherichia coli rpsD, which is located in the a operon and is the translational regulator for a operon ribosomal protein gene expression in E. coli. The cloned gene was shown to map at position 2630 on the B. subtilis chromosome, at the position to which mutations conferring alterations in the electrophoretic mobility of protein S4 were localized. A promoter was identified upstream of the rpsD coding sequence; initiation of transcription at this promoter would result in a transcript containing a leader region 180 bases in length. Immediately downstream of the rpsD coding region were two sequences resembling transcriptional terminators. An open reading frame homologous to tyrosyl-tRNA synthetase (tyrS) genes was identified downstream of rpsD but in the opposite orientation. The leader region of rpsD mRNA is predicted to have extensive secondary structure, resembling a region of B. subtilis 16S rRNA where S4 is likely to bind; similar mRNA features have been found to be important in ribosomal gene regulation in E. coli. These results provide the first steps toward analysis of the regulation of rpsD gene expression in B. subtilis.
Ribosome biosynthesis is tightly controlled in the gramnegative bacterium Escherichia coli. A number of ribosomal protein operons from this organism have been characterized in detail and were found to be autogenously regulated at the translational level by binding of one ribosomal protein encoded in the operon to a target site on the mRNA (8, 42) . In contrast, very little is known about regulation of ribosomal gene expression in procaryotes evolutionarily distant from E. coli, such as the gram-positive bacterium Bacillus subtilis. Although a large number of genetic determinants for ribosomal components have been localized on the B. subtilis chromosomal map (28) , the mechanisms for ribosomal gene regulation have not yet been analyzed.
One of the best-characterized E. coli ribosomal protein operons is the ot operon, which includes the genes for ribosomal proteins S13, S11, S4, and L17 and for the at subunit of RNA polymerase, in the order S13-S11-S4-a-L17 (2) . S4 is the translational regulator for this operon and binds to a target site on the ot operon mRNA near the start of the S13-coding region (9, 19) . Binding of S4 to the mRNA blocks translation of S13 and also inhibits translation of S11 and S4, probably by a translational coupling mechanism (35) . Expression of rpoA, which encodes the a subunit of RNA polymerase, is not controlled by S4, and there is evidence that a second S4-binding site on the mRNA upstream from the L17-coding region is necessary for S4 regulation of L17 expression (24) . The ot operon of B. subtilis was recently isolated, and its DNA sequence was determined (3, 33) . The most striking feature of the B. subtilis a operon is the absence of the S4-coding region. The at operon is located in the major cluster of ribosomal protein genes, at 120 on the 3600 B.
subtilis map (33) . Mutations which result in two different alterations in the electrophoretic mobility of S4 protein were * Corresponding author. mapped to 2630, distant from the site of the a operon (14, 15 Cloning procedures. Restriction endonucleases and DNAmodifying enzymes were purchased from New England BioLabs (Beverly, Mass.) and used as instructed by the manufacturer. Chromosomal DNA was isolated from B. subtilis BR151 as previously described (14) . Phage XEMBL-4 DNA and packaging extracts were purchased from Stratagene, Inc. (San Diego, Calif.) and used as instructed by the manufacturer. Phage XEMBL-4 arms were ligated with EcoRI-digested chromosomal DNA (not size fractionated) from strain BR151; since the packaging range of this vector is 9 to 23 kb, many clones contain multiple insert fragments that were not necessarily contiguous on the chromosome. Recombinant phage were selected by using strain P2392 (Spi-selection) and then propagated on strain LE392. Genetic techniques were as previously described (14) .
Hybridization techniques. Chromosomal DNA was separated by agarose gel electrophoresis and transferred to nitrocellulose membranes (BA85; Schleicher & Schuell), using standard techniques. Oligonucleotide probes were 5' end labeled with [X-32P]ATP, using T4 polynucleotide kinase, and purified by column chromatography (Stratagene). Radiochemicals were purchased from New England Nuclear or Amersham. Hybridization was at 420 in a solution containing 6x SSC (lx SSC is 0.15 M NaCl plus 0.015 M trisodium citrate), 1Ox Denhardt solution, and 50 ,ug of sheared, denatured salmon sperm DNA per ml. Filters were washed with 6x SSC at room temperature and at the hybridization temperature; stringency was increased by reducing the SSC concentration or increasing the hybridization and wash temperatures. Plaque lifts of phage X clones were hybridized by using similar conditions. Plaque lifts of phage M13 clones were performed as described by Wei and Surzycki (38) , using nondenaturing conditions for transfer of single-stranded DNA only. Plasmid probes were nick translated by using a kit purchased from Bethesda Research Laboratories. Strand-specific probes were synthesized from M13 template DNA by using a modification of standard DNA sequencing protocols, in the absence of dideoxynucleoside triphosphates.
DNA sequencing. Cloning in phage M13, preparation of single-stranded template DNA, and sequencing of doublestranded plasmid DNA were done by standard techniques. Dideoxynucleotide sequencing was carried out by using Sequenase (United States Biochemicals); dITP was used to resolve ambiguities resulting from compressions in G+C-rich regions. Sequencing primers were M13 primers (New England BioLabs) or synthetic oligonucleotides (The DNA Factory). DNA sequence data were analyzed by using the PC/Gene system and the GenBank On-line Service (Intelligenetics).
Transcriptional analysis. Total RNA was isolated from exponentially growing cultures of strain BR151 as described by Wu et al. (41) . RNA probes were synthesized in vitro, using plasmids derived from pGEM7Z(+) and the Riboprobe transcription system (Promega). For primer extension analysis, oligonucleotide S4RC4 (5'-ACCGTCTGCTCCATTCG-3'), corresponding to nucleotides 697 to 713 in Fig. 2 ported has been assigned GenBank accession number M34718.
RESULTS
Cloning of B. subtilis rpsD. Cloning of rpsD used synthetic oligonucleotide probes designed on the basis of the B. subtilis S4 amino-terminal amino acid sequence (18) . Three different oligonucleotide probes were used, all of which hybridized strongly to an EcoRI fragment approximately 12 kb in size, and to a 3.5-kb band in DNA digested with EcoRI and StuI, in Southern analyses of B. subtilis chromosomal DNA.
A library of EcoRI-digested B. subtilis DNA in XEMBL4 was constructed, and recombinant plaques were screened by hybridization with the oligonucleotides. Three candidates that hybridized with the oligonucleotide probes were purified and screened for the presence of the 12-kb EcoRI fragment in Southern hybridization analyses. None of the three candidates contained the expected 12-kb EcoRI insert band that hybridized with the oligonucleotide probes ( Fig. 1 ). Clone XRC2-1 contained a 7-kb EcoRI band, clone XRC2-2 contained a 3-kb EcoRI band, and clone XRC2-3 contained a 6.5-kb EcoRI band. All three clones contained X vector bands of the expected sizes (9 and 20 kb) and additional EcoRI insert bands of various sizes that did not hybridize with the probe. In EcoRI-StuI double digests, clones XRC2-1 and XRC2-3 showed a hybridizing band 3.5 kb in size, which comigrated with the band detected in the chromosomal digest; the hybridizing band in XRC2-2 was unchanged from that observed in the EcoRI digest. All three X clones showed a 0.9-kb hybridizing band in HindIII digests.
The simplest explanation for these results is that the 12-kb EcoRI band was unstable during propagation in the X vector, and the three different-size EcoRI bands in the X clones represent three different deletion products. Two of the three deletion events apparently occurred outside of the 3.5-kb VOL. 172, 1990 k . l f . : . . , , 6374 GRUNDY AND HENKIN sequence of S4 were two inverted repeat sequences that would be predicted to form a structure resembling Rhoindependent transcriptional terminators (29) . The predicted stabilities of these two structures are -23 and -29 kcal (ca. -96 and -121 kJ), respectively, according to the algorithm of Zuker and Stiegler (43) . A third structure of this type, with a predicted stability of -13 kcal (-53 kJ), is located upstream of the position of the putative promoter (Fig. 4) .
Computer analysis of sequences in the region surrounding rpsD revealed three additional open reading frames extending beyond the sequenced region. Open reading frame 1 (ORF-1) is 102 amino acids long and extends from upstream p of the HindIII site toward rpsD (Fig. 4) ; the inverted repeat structure described above (positions 355 to 399) is located downstream of the end of ORF-1 (position 307) and could represent the terminator for that gene. ORF-2, 153 amino acids in length, extends in the reverse orientation from position 496 past the HindIlI site at the beginning of the sequenced region, with a possible ribosome-binding site and methionine codon at position 457; the inverted repeat structure is located near the beginning of ORF-2. No sequences resembling B. subtilis vegetative promoters were found in the appropriate orientation to direct transcription of this region, but it is possible that this region is transcribed by a VOL. 172, 1990 form of RNA polymerase with a different promoter specificity. ORF-3, 95 amino acids in length, is located downstream of rpsD, in the orientation opposite to that of the S4-coding sequence. It is possible that the second terminatorlike structure downstream of the S4-coding sequence represents the transcriptional terminator for this gene. Searches of the GenBank and EMBL data bases for sequences homologous to these three open reading frames revealed no significant homology for the region upstream of rpsD; confirmation of the significance of the upstream open reading frames will require determination of additional DNA sequence information for this region. The open reading frame downstream of rpsD, in the opposite orientation, exhibited very high homology with the carboxyl-terminal portion of tyrosyl-tRNA synthetase (tyrS) genes from B. stearothermophilus and B. caldotenax (54% amino acid identity, 72% with conservative substitutions; 21, 39) and E. coli (42% amino acid identity, 55% including conservative substitutions; 1). The alignment of these coding regions is shown in Fig. 3b . Homology between the B. subtilis and E. coli sequences is similar to that between B. stearothermophilus and E. coli. The tyrS gene locus has not previously been reported in B. subtilis (28); our results indicate that this gene is located adjacent to rpsD, at 2630. Determination of the DNA sequence of the amino-terminal portion of the tyrS gene is in progress.
Transcriptional mapping. The start point of rpsD transcription was analyzed by RNase protection and primer extension experiments. For RNase protection, an RNA probe corresponding to positions 540 to 699 of the DNA sequence was hybridized to cellular RNA and digested with RNases A and T1. A protected fragment approximately 125 bases in length was detected, and no full-length protection of the probe was observed (data not shown). To more precisely define the transcription initiation point within this region, primer extension analysis was performed. A single primer extension product was detected, corresponding to a transcript initiating at the G at position 574 of the DNA sequence (Fig. 5 ). These results demonstrate that the promoter element identified in the DNA sequence was utilized in vivo and that no transcription originated upstream of this site. Initiation of transcription at this position would result in a transcript with a leader region 180 bases in length preceding the S4-coding region. Northern analysis of RNA isolated from exponential-growth-phase B. subtilis cells resulted in the detection of a single transcript, approximately 0.8 kb in length (data not shown), which is the size predicted for a transcript beginning at the start point at position 574 and ending at the terminatorlike structure immediately downstream of the S4-coding sequence.
Identification of the position of rpsD in the B. subtilis chromosome. Mutations that result in alterations in the electrophoretic mobility of S4 were previously isolated and mapped to a position on the B. subtilis chromosomal map between argGH (2600) and aroG (2640; 28) , at 2630 (14, 15) .
To determine whether these mutations do in fact define the rpsD structural gene, the map location of the cloned rpsD gene was analyzed by integrational mapping. Plasmid pTMH110, which contains the amino-terminal coding region of rpsD, was introduced into strain 1A92 (argGH aroG) by transformation, and Cmr transformants were selected. Since rpsD is likely to be an essential gene, transformants could arise only if the insert DNA contained one end of the rpsD transcriptional unit, since integration of the plasmid via internal fragments would result in insertional disruption of the chromosomal rpsD gene. Recovery of Cmr transfor-G A T C P two organisms. In E. coli, the rpsD gene is part of the a operon, located in the str-spc cluster, which contains four ribosomal protein gene operons, in the order str-Sl0-spc-a (20) . In B. subtilis, the majority of ribosomal protein genes, including genes homologous to those in the str, S10, spc, and a operons of E. coli, as well as rif operon genes and the S9 and S20 ribosomal protein genes, are located in a large cluster at 120 on a 3600 map of the genome (28) . However, there is a marked difference in the arrangement of the a operon genes in the two organisms. In E. coli, the a operon contains four ribosomal protein genes and the gene for the a subunit of RNA polymerase, in the order S13-S11-S4-a-L17.
Although the majority of a operon transcripts arise as readthrough transcripts originating at the beginning of the upstream spc operon (4), a operon genes are regulated as a unit at the translational level. This regulation is mediated by the action of the S4 protein, which acts as a translational repressor (8, 19, 42) . In B. subtilis, the gene for S4 is not located between the genes for S11 and a; a 180-bp intercis-
UAAAACCAAAGGA-UAUA-----RBS tronic region is found at this position (33) . In addition, it appears that the infA and rpmJ genes, located upstream of the S13 gene, are also a part of the a operon transcriptional unit in B. subtilis (3) . Mutations conferring alterations in the electrophoretic mobility of protein S4 were localized to a position at 2630 on the B. subtilis map (14, 15) , distant from the major ribosomal gene cluster. The locus defined by these mutations was presumed to be the structural gene for S4 but could have been a gene involved in posttranslational modification of S4. In this study, the structural gene for S4 was cloned and its DNA sequence was determined; the cloned DNA was shown to be derived from the same region of the chromosome as the site to which the S4 mutations were mapped. In the accompanying paper (15), we describe the sequence alterations in the rpsD mutants, unequivocably demonstrating that this is the chromosomal locus of the rpsD gene. In B. subtilis, then, the rpsD gene is located at a position distant from the a operon. Since S4 is the translational repressor for a operon In E. coli, S4 regulates a operon ribosomal protein gene expression by binding to a target site on the a operon mRNA overlapping the translation initiation region of the S13 gene, the first gene in the operon (9) (10) (11) . Binding of S4 to this site is believed to inhibit translation of the mRNA. The S4 target site on at operon mRNA has been studied in detail and has been proposed to form a complicated pseudoknot structure (34) . We therefore examined the putative rpsD mRNA leader region for sequences with the capacity to form similar structures. This sequence has the potential to form extensive secondary structure, according to the algorithm of Zuker and Stiegler (43) (Fig. 6a) . Although there is little sequence similarity to the S4-binding site on E. coli at operon mRNA, there may be conservation of structural elements; the capacity to form structures which involve the ribosome-binding site and translational start codon is particularly intriguing. It is not possible at this time to predict whether the structural features of the leader region are involved in regulation of B. subtilis rpsD at the translational level; studies on the regulation of rpsD expression are in progress.
In several of the ribosomal protein regulatory systems in E. coli, the regulatory ribosomal protein has been found to be a protein that binds to ribosomal RNA early in ribosome assembly (20) . The target site on the mRNA has been shown in some cases to resemble the binding site for the regulatory ribosomal protein on rRNA (5, 22) . In the case of protein S4, the target sites on the mRNA and on 16S rRNA are apparently structurally complex (31, 32, 34, 37) , and it has been difficult to identify structural similarities with the S4-binding site on 16S rRNA. Protein S4 is one of the first proteins to bind to 16S rRNA in 30S subunit assembly, initiating the binding of a large set of secondary proteins (27) . The binding site for S4 on 16S rRNA in E. coli has been analyzed by a number of techniques and has been shown to involve positions 27 to 556, with interactions clustered in helices 437-497 and 500-545 (32) . Although binding studies have not been done with Bacillus ribosomes, the homology of E. coli and B. subtilis S4 proteins, especially in the region of S4 known to be involved in binding to 16S rRNA (Fig. 3a) , as well as the ability of Bacillus and E. coli ribosomal proteins and rRNA to be interchanged in heterologous reconstitution studies (17) and the high level of conservation of 16S rRNA sequence (13) , suggest that S4 binding to B. subtilis 16S rRNA is similar to that of E. coli. Comparison of the predicted S4-binding sites on E. coli and B. subtilis 16S rRNAs (Fig.   6b) shows that although there is low sequence conservation between B. subtilis and E. coli in helix 437-497 (E. coli numbering; 40) , the overall structure is maintained in helices 437-497 and 500-545 while the unpaired regions show high sequence conservation. These results suggest that the structure, rather than the sequence, is most important in helix 436-497 of the 16S rRNA, whereas helix 500-540 is very highly conserved.
There appears to be significant conservation of structure between the rpsD leader region and helix 500-545 of 16S rRNA (Fig. 6) . We also note that the sequence at positions 656 to 663 (GCUGCUGG) of the B. subtilis rpsD region, within the leader mRNA, is complementary to the 16S rRNA sequence at positions 518 to 525 (CCAGCAGC), which is within the predicted S4-binding site. It will be of interest to examine the possible role of these sequence elements in future studies on rpsD gene expression in B. subtilis.
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